Abstract: We review recent progress in high-speed orbital angular momentum (OAM) multiplexed free-space optical communication systems. The outdoor atmospheric turbulence is emulated by an indoor turbulence emulator, which is based on split-step beam propagation method. Adaptive optics, channel coding, Huffman coding combined with LDPC coding, and spatial offset are used for turbulence mitigation; while OAM multiplexing and wavelength-division multiplexing (WDM) are applied to boost aggregate capacity.
The experimental setup is shown in Figure 1 . At the transmitter side, the continuous wave (CW) lights on a 50-GHz grid ) are generated from five integrable tunable laser assembly (ITLA) lasers with a linewidth less than 10kHz. The five channels are multiplexed and sent to an I/Q modulator to generate 15.6GBaud wavelength-division multiplexing (WDM) QPSK signal. The PRBS data sequence is encoded by a binary quasi-cyclic LDPC code, i.e., LDPC (16935,13550) code of girth-8 and column-weight-3. Therefore, the QPSK signal with net bit rate of 25Gb/s is generated. A 50/100-GHz optical interleaver (IL) is employed to separate the odd and even subchannels. Odd and even channels are then decorrelated by several hundreds of symbols via additional optical fiber and combined using a 3-dB coupler. The resulting WDM QPSK signals are amplified by an Erbium-doped fiber amplifier (EDFA), and filtered with an optical tunable filter (OTF). The filtered signal is split by a 3-dB optical coupler, followed by an optical tunable delay line applied in one path to decorrelate the data sequences. Each beam is collimated and converted to OAM beams by a reflective phase-only spatial light modulator (SLM). Note that the SLMs used offer 19201080 pixels' resolution, 15.36mm8.64mm active area, and 60Hz image frame rate.
The left and right halves of the SLM1 screen are loaded with different phase patterns to convert the incoming independent Gaussian beams to OAM beams (OAM modes with OAM state indices ±2, ±6). A blazed "fork" phase pattern is used to separate the desirable OAM beams from the Gaussian beam. The generated OAM beams are then combined together by a beam splitter (BS). The other Gaussian beam with wavelength of 1548.9 nm acts as the probe beam for AO correction. This probe beam is expanded using a variable beam expander to become as wide as the widest OAM beam used in experiment, and then combined with the OAM beams.
After passing through the telescope system, the multiplexed beams are then reflected four times on the left and right halves of SLM screens over a total distance of twometers. The time-varying atmospheric turbulence is emulated by changing the random phase patterns at 50 Hz rate [21] . This turbulence model is built on the Rytov variance [29] of = 2. The OAM beams at the output of the turbulence emulator are collected by a 28-mm receiver aperture and pass through the compressing telescope. The beams are then imaged onto the DM for turbulence compensation. This wavefront sensorless AO system uses the aberrated probe beam as a feedback. Part of the beams will be separated by a BS and coupled to SMF. An OTF centered on 1548.9 nm is used to filter out the probe beam and the remaining signal is then detected by the PD. Finally, the captured photocurrent will be digitalized by a driver with sampling rate of 1 MSa/s to modify the DM based on stochastic parallel gradient descent (SPGD) algorithm.
After the wavefront correction, the multiplexed beams are sent to the fourth SLM loaded with a specified blazed "fork" phase pattern to demultiplex and detect (convert) one of the multiplexed OAM modes back to Gaussian beam, which is then coupled into the SMF.
At the receiver side, the received signal is amplified by an EDFA to compensate the loss and its power is adjusted by a VOA. The ASE noise-loading stage is constructed by two EDFAs cascaded with a VOA. The ASE noise and the signal are combined with a 3-dB coupler, followed by an OTF centered on 1550.12 nm to select the channel under test. Another laser with linewidth less than 10kHz serves as a LO. Two polarization controllers (PCs) are used to align the polarizations of the signal light and LO before being mixed in coherent receiver. The coherent receiver includes an optical 90 hybrid, two 23 GHz single-end PDs, and real-time oscilloscope with 100 GSa/s sample rate and 33 GHz analog bandwidth. The digitalized signal is equalized and recovered by off-line DSP algorithms. Then the LDPC decoder performs the sum-product algorithm with a maximum of 50 iterations. This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation as well as the experimental conclusions that can be drawn. We firstly investigate the turbulence effects and the AO compensation performance. The power distributions over the target OAM channels (OAM modes of state indices ±2, ±6), and the adjacent channels are measured for crosstalk evaluation. As shown in Figure 1 (a), the mode crosstalk among OAM channels without compensation becomes very serious. The power of desired OAM channels is comparable to the undesired OAM channels. After AO compensation, as shown in Figure 1 (b), the average extinction ratio can be improved to ~6dB. Then, the effects of turbulence on system performance and the merits of AO correction and LDPC code are investigated.
Results and analysis
Figure (a) shows the measured average BER performance in the absence and presence of turbulence when both AO compensation and LDPC code are not used. We can see that BER curves without turbulence will drop slowly with the increase of OSNR. This scenario is mainly caused by the imperfect phase patterns loaded on the SLM screens and the imperfect flatten pattern loaded on the DM. The pattern performance is limited by finite resolution, and imperfect Gamma correction, et al. What's worse, the BER curves in the presence of strong turbulence barely drop even in the regime of high OSNR because of the effect of severe mode crosstalk. Note that the degraded performance of OAM states of ±6 is not only due to the mode crosstalk, but also due to the boundary effect. The error floor of BER is beyond the error correction threshold of our LDPC code, which is of ~0.04. Therefore, AO correction is necessary to be used before LDPC coding to mitigate the mode crosstalk to certain acceptable level. As shown in Figure ( b), the system performance can be improved by combining AO correction and LDPC coding. When only AO correction is used, the BER curves drop slowly, but the BER values of all modes have been reduced below 0.04. Interestingly enough, the effects of our AO correction on OAM states of ±2 outperform that of OAM states of ±6, which can be explained as follows. The first reason is due to the boundary effect, while the second can be contributed to the characteristics of the probe beam, which can more efficiently cover the small-size OAM beams. Once the AO correction is conducted, it is the time to use LDPC code to finally resolve the error floor. We can see from Fig. 5(b) that the BER curves will start to drop dramatically when OSNR is higher than 8dB. The coding gains of 3.9, 4.1, 5.2, and 5 dB can be obtained respectively at BER=210 for OAM states 2, -2, 6, and -6. Our experimental setup is depicted in Figure . At the transmitter side, the CW light with the wavelength centered at 1550 nm is sent to an I/Q modulator. The binary data sequences are nonuniformly mapped to symbols labeled by 0-4 for 5-QAM, and 0-8 for 9-QAM by Huffman coding [26, 30] ; or uniformly mapped to symbols labeled by 0-3 for QPSK, and 0-7 for 8-QAM. Then the GF(5), GF(3 2 ) based LDPC encoding are applied to 5-QAM and 9-QAM sequences, respectively; while conventional GF(2) based LDPC encoding to QPSK (or 4-QAM) and 8-QAM. The Huffman procedures and the 5-QAM/9-QAM constellation diagrams are provided as insets Figure (a1-a2) and (b1-b2), respectively. Such obtained symbol sequences are pulse shaped with the help of an AWG to generate 12.5 G Baud 4/5/8/9-QAM signals, and then used as the inputs of the I/Q modulator. The signals are amplified by an EDFA, and filtered with an OTF. The filtered signal is split by a 3-dB optical coupler, followed by an optical delay line applied in one path to decorrelate the data sequences. Each beam is collimated and converted to OAM beams by a reflective phase-only SLM. The left and right halves of the SLM1 screen are loaded with different phase patterns to convert the incoming Gaussian beams to OAM beams (OAM modes with state indices of 2 and -6). A blazed "fork" phase pattern is superimposed to separate the desirable OAM beams from the Gaussian beams. The generated OAM beams are then combined by a beam splitter-1 (BS1). The second BS (BS2) is used to split the multiplexed OAM beams into two branches, which will be combined by BS3. One branch is reflected once to form the OAM beams with inversed states (OAM states of -2 and 6); while the second one is reflected four times and delayed by ∼90 symbols for data decorrelation. The spatial offset between the branches is realized by horizontally shifting the position of BS3. It is worthwhile to mention that each of the four OAM modes can be in principle spatially offset, but the space efficiency will be reduced accordingly [31] . In our FSO system, the rectangular aperture of the SLM screen restricts the available dimension for spatial offset to the horizontal axis. In order to maximally avoid the side-effect induced crosstalk, OAM states 2 and -6 are centrally aligned, but spatially offset against their inverses states in horizontal axis.
After passing through the telescope system, the offset beams are reflected twice on SLM screens, loaded with randomly generated azimuthal phase patterns following Andrews' spectrum [29] . The time-varying atmospheric turbulence is emulated by changing the phase patterns at 50 Hz rate. This turbulence model is built on the Rytov variance of = 0.5 . The beams at the output of the turbulence emulator are collected by a compressing telescope, and sent to the SLM4 loaded with a phase pattern to demultiplex and convert the target OAM beam back to Gaussian beam. The converted beam is coupled into the SMF and amplified by an EDFA. The ASE noise-loading stage is constructed by two EDFAs cascaded with a VOA. The noisy signal is filtered by an OTF, and detected by a coherent receiver, which includes an optical 90 hybrid, two BPDs, and a real-time oscilloscope. The digitalized signal is recovered by off-line DSP algorithms. After determining the symbol LLRs, the binary/nonbinary LDPC decoder performs the sum-product algorithm with maximum of 40 iterations. Finally, the BERs are counted for performance analysis.
We first investigate the gain of signal to crosstalk ratio (SCTR) by spatial offset, which is shown in Figure . The SCTR gain is calculated by the power of the target OAM mode divided by that of the adjacent modes when only the target OAM beam is transmitted, which is illustrated as insets Figure  (a1-a2) . Because of the symmetry between OAM modes with positive and negative states, only the performances of OAM states of 2 and -6 are analyzed in our experiment. We find that SCTR gain of >1.6 dB can be obtained for OAM state of 2; and 1 dB SCTR gain is achievable for OAM state of -6. The optimum spatial offset is about 6 mm and 5 mm for OAM states of 2, and -6, respectively. In our following experiment, the spatial offset is set to 5 mm. Notice that the optimum spatial offset is mainly determined by the turbulence strength and the apertures of the optical components used in the FSO link. . (a-b) that the performance of uncoded 5-QAM is inferior to that of the uncoded QPSK because of the DSP penalty; the performance of uncoded 9-QAM is comparable to that of the uncoded 8-QAM. While the gaps between the coded QPSK and 5-QAM are less than 0.3 dB, and 0.2 dB at BER=10 -4 , when OAM states of 2 and -6 are detected, respectively; GF(3 2 ) based 9-QAM can outperform GF(2) based 8-QAM by 2.7 dB, and 3.2 dB at BER=10 -4 , when OAM states of 2 and -6 are detected, respectively. Notice that the crosstalk among OAM modes still exists due to the imperfect phase patterns loaded onto the SLM screens. For a better understanding of the benefits obtained by using nonuniform signaling, the minimum OSNR requirements at BER=10 -4 for QPSK, 5-QAM, 8-QAM, and 9-QAM are listed in Table  1 , when OAM states 2 and 6 are observed, in the presence and absence of atmospheric turbulence.
The turbulence induced penalties for OAM state 2, can be obtained as 3.3 dB, 1.4 dB, 5.7 dB, and 2.8 dB for QPSK, 5-QAM, 8-QAM and 9-QAM, respectively. Meanwhile, the crosstalk penalty for OAM state -6, can be obtained as 3.1 dB, 1.8 dB, 5 dB, and 2.8 dB for QPSK, 5-QAM, 8-QAM, and 9-QAM, respectively. It can be concluded that the proposed 5-QAM and 9-QAM have a better crosstalk tolerance than regular QPSK and 8-QAM. It is because zero-power symbols are transmitted more frequently in 5-QAM and 9-QAM symbol sequences. When mode crosstalk occurs, these zero-power symbols will not interfere with the symbols carried among adjacent channels. 
Concluding remarks
We have experimentally studied OAM-based FSO transmission system using LDPC coded QPSK modulation format. Four OAM modes each carrying 15.6 GBaud QPSK signals have been transmitted among the five WDM channels to realize 500Gb/s FSO transmission system per single polarization state. The mode crosstalk has been first mitigated by the wavefront sensorless adaptive optics system, and the residual crosstalk has been resolved by using sufficiently strong LDPC code. The coding gains of 3.9, 4.1, 5.2, and 5dB have been obtained at BER=210 for OAM states 2, 2, 6, and 6, respectively. By using frequency-locked lasers, beyond 1 Tb/s serial optical transmission over strong atmospheric turbulence channel would be possible.
We also presented a two-stage crosstalk mitigation method in an OAM-based FSO communication system by combining spatial offset and LDPC-coded nonuniform signaling. The SCTR gain of >1.6 dB and 1 dB were obtained for OAM states of 2, and -6, respectively. The performances of 5-QAM and 9-QAM, based on joint Huffman coding and nonbinary LDPC codes, could outperform QPSK and 8-QAM by >1.6 dB and 5.6 dB at BER=10 -4 , respectively, for OAM state of 2; the coding gains for OAM state of -6, were achieved >1.1 dB and 5.4 dB at BER=10 -4 when comparing 5-QAM to QPSK, and 9-QAM to 8-QAM, respectively.
